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ABSTRACT
Reinforced concrete (RC) structural elements can be strengthened by bonding high-strength, non-
corrosive fibre reinforced polymer (FRP) composites to their surfaces. In the majority of
strengthening situations the existing structure would have been subjected to extreme loading at
some stage of its life. It is of great interest to designers and users of structures to be aware of the
condition of the structural elements, particularly with regards to damage, prior to the design and
.pplication of FRP strengthening measures. This paper reports the results of a vibration-based
method for assessing damage in RC beams prior to and after the application of FRP strengthening.
The vibration-based method measures the vibrations of beams with and without additional mass and
provides an assessment of the degree of damage as well as stiffness of the structural element. A
simply supported RC beam was constructed and initially damaged by loading to 50% of its flexural
capacity. FRP strengthening was then applied and the beam tested to failure. Vibration
measurements were taken prior to and after damage of the plain beam as well as after application of
the FRP strengthening. The proposed method was used for detecting damage and evaluating the
repair as well as quantitatively estimating in-service stiffness of the beams. Good correlation
between dynamic results and static load test results is found, thus demonstrating the potential of the
vibration-based method.
1. INTRODUCTION
Fibre reinforced polymer (FRP) composites are increasingly used to strengthen existing reinforced
concrete (RC) structures [1, 2]. Addition of FRP may be required due to several reasons, such as
epair, or for increasing the load carrying capacity of an existing structure. It is therefore important
to know the current state of distress of the existing structure so that effective FRP strengthening can
be designed. To date it has been a great challenge for researchers to assess this state of distress, and
in particular the damage of structural elements when subjected to service loads.
Current damage detection methods are either visual or traditional localised experiments (e.g.
acoustic or ultrasonic methods). These localised methods require the damage location to be known
and readily accessible. The need for a more global damage detection method has led to the
development of techniques that investigate changes in the vibration properties of the structure [3-7].
Most current available techniques require complicated modal testing, in addition, they heavily rely
on numerical methods (e.g. FEM) for damage localisation and quantification [3,4]. Development of
simple and cost-effective testing procedures, which yield reliable assessment of the in-service
conditions of structural elements, is of paramount importance both from a practical and theoretical
point of view. Recognising the need, the authors have developed a simple and cost-effective testing
procedure, in which the in-service flexural stiffness of bridges can be estimated by using a dynamic
testing procedure [5-7]. In this paper, this vibration-based approach was extended to damage
localisation and stiffness estimation of FRP reinforced RC beams. The technique will enable
detection of damage and the evaluation of the flexural stiffness of simply supported RC beams prior
to and after FRP strengthening.
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2. EXPERIMENT DETAILS
2.1 Details of Test Specimens
Two singly reinforced RC beams of 2,700 mm total length, 150 mm width and 300 mm depth were
used in this study. The beams were reinforced with high yield (500 MPa) steel bars: one layer of
two 16 mm diameter tension bars (effective depth to tension bars = 262 mm), two 12 mm diameter
compression bars, and 10 mm diameter stirrups at 100 mm centres, while the concrete cover to the
stirrups was a nominal 20 mm. The tension face (soffit) of one of the beams was strengthened with
two layers of carbon FRP. The FRP was formed in a wet-lay up procedure with 0.117 mm nominal
fibre sheet thickness. According to the manufacturer's specifications, the strength of the FRP was
3,800 MPa and the modulus of elasticity was 240,000 MPa.
2.2 Static Test
All beams were loaded with two symmetrically positioned point loads (four point bending) with
loads applied at third points, i.e. 750 mm between load points and 750 mm shear span (Figure 1).
Load cells were installed at each load point in order to measure the applied load. A linear variable
differential transformer (LVDT) was placed beneath the centre of the beam to measure vertical
deflection at the centre.
The first of the plain beams was monotonically loaded to failure with failure being by crushing of
the compressive concrete. The second plain beam was then monotonically loaded to 50% of the
capacity of the first beam (herein known as 50% damage). The load was then released and two
layers of FRP sheets were applied to the tension face (beam soffit). After application of FRP to the
second beam, the beam was then loaded to failure with eventual failure being by debonding of the
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Figure 2: Dynamic test setupFigure 1: Static test setup
2.3 Dynamic Test
2.3.1 Equipment and test setup
Three accelerometers (piezoresistive type) with high sensitivity and low frequency-range were used
to record the accelerations in the dynamic tests reported in this paper (Figure 2). The excitation was
imparted by a large 12 lb Modally Tuned ICP Sledge Hammer which also recorded the impact force
(Figure 3a). An eight channel dynamic analysing recorder with an in-built anti-aliasing filter was
used to record both impact and response signals (Figure 3b). Although the analsying recorder was
equipped with a Fast Fourier Transform (FFT) function, the frequency resolution was low. A
MATLAB programme was developed for data processing including FFT and Frequency Response
Function (FRF) calculations.
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(a) Modally tuned impact hammer (b) Dynamic analysing recorder
Figure 3: Dynamic testing equipment
2.3.2 Test Procedure
The dynamic tests involved impacting specimens (at 14 span) by a modal impact hammer and
measuring the vibration response of the specimen (Figure 2). Three sets of tests were conducted (i)
testing the beams 'as-is' without the addition of mass, (ii) testing the beams with an extra mass
Mass 1 = 72.9kg) added at the midspan of the specimen, and iii) testing specimens with an extra
mass (Mass 2 = 123.1kg) added at the midspan of the beam.
3. EVALUATION OF DAMAGE AND REPAIRMENT
3.1 Analytical Model
The governing differential equation describing the motion of a Bernoulli-Euler beam under free
vibration is given as follows;
PI a4v _a2v - 0
~ 4 +m 2 - (1)ax at
where E is the modulus of elasticity, and 1 is the second moment of area. The relationship given in
Equation 1 assumes (i) the geometric and material properties of the beam are uniform along the
whole span; (ii) the beam is slender; (iii) only deformations normal to the undeformed beam axis
are considered; (iv) no axial loads are applied to the beam; and (v) the shear centre of the beam's
cross-section coincides with the centre of mass, so that rotational and translational motions are not
coupled.
Assuming thatv(x,t) = <I>(x)Y(t), a solution with and without added concentrated mass at the mid-
span of the beam can be obtained. Considering only the fIrst natural frequency of the beam, the
solution is given by;
[
48E1 ],Vz
OJ = a1}(Mf + 13M) (2)
where M is the self-mass of the beam, L1M is the added mass, and L the length of the beam between
support points. The factors a and 13are constraint factors that are based on different boundary
conditions and modal mass coefficients, respectively. For a single span beam with centrally applied
mass, these constants are listed in Table 1.
Table 1: Constant factors for different boundary conditions
Boundary conditions a j3
Fixed-end condition 0.25 0.37
Pinned end condition 1.00 0.49
Cantilever beam 0.16 0.24
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3.2 Stiffness Prediction By Adding Mass
When a beam is excited with dynamic load, it is possible to calculate the flexural stiffness of the
beam through its change of natural frequency. This proposed method [5-7] requires two identical
dynamic tests but with different modal masses. First, conducting a simple dynamic test on the beam
'as-is' and then conducting another similar dynamic test with a known concentrated mass added at
the appropriate location to directly increase the required modal mass. In the case of no modal
coupling, each mode (orthogonally decomposed) can be treated as a Single Degree of Freedom
(SDOF) case. Under this assumption, and from Equation 2, using no mass and added mass cases to
eliminate self-mass of the beam, the flexural stiffness of the beam can be expressed as:
k = 48£1 = co~coi Mf, , , (3)
aL' coj- -co2
From Equation 3, it is evident that once the first flexural frequency and frequency shift after mass is
added at midspan are known, the in-service flexural stiffness of beam-like structures can be
calculated. In practical applications, however, estimation of the flexural stiffness of the structure
can be more accurate and realistic if it is calculated with the frequency shift between two added
mass cases instead of between the no mass and the added mass case.
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Figure 4: Load versus deflection response
Figure 4 shows two static load test results of the second RC beam. In Figure 4a the load-deflection
response corresponds to the case when the beam was initially loaded to cause 50% damage, while
Figure 4b shows the load-deflection response of the same beam (now strengthened with FRP)
loaded to failure. Up to a load of about 10kN the first beam (undamaged and without FRP) was
uncracked and in a linear-elastic state. The flexural stiffness of the beam could then be determined
based on linear-elastic theory. The equivalent three-point bending flexural stiffness of the beam in
Figures 4a and 4b (which directly relate to Equation 3) were calculated as 27 kN/mm and 30
kN/mm, respectively. The flexural stiffness of the damaged beam, with no results on repeat loading
tests, could only be estimated based on the behaviour of the RC beam. Assuming the residual strain
is 1/3 of overall displacement measured, the flexural stiffness of the damaged beam was estimated
at 21.8 kN/mm.
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4.2 Experimental Modal Analysis
After processing the measured excitation and response data, the Frequency Response Function
(FRF) for each case was obtained. Using modal analysis techniques or commercially available
software (such as LMS CadaX), the fIrst flexural mode was identified, Figure 5 shows synthesised
FRF closely fitted to experimental results during the modal analysis process.
Figure 5: Comparison of synthesised FRF to experimental FRF for damaged RC beam with FRP
strengthening
It can clearly be observed in Figures 6a and 6b that added mass resulted in changes in the first
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(a) Non-damaged beam (b) After repair of 50% damaged beam
Figure 6: Frequency Response Functions
(MO = without added mass; Ml = with added mass 1; M2 = with added mass 2).
Figure 7 shows the FRFs after adding masses 1 and 2. It is interesting to note that for all cases (i.e.
mass 1 and mass 2) the damage, reflected in FRFs in terms of the first flexural mode, was very clear
and significant, In both cases FRF amplitudes of the damaged specimens were reduced significantly
and almost appeared as mode cancellation, while damping increased. It is also noted that the FRP
strengthening increased the FRF amplitudes of the first flexural mode with the first frequency









































(a) Mass 1 (b) Mass 2
Figure 7: Frequency Response Function of concrete beam under various conditions with added
mass
.c.3 Evaluation of Flexural Stiffness
Table 2: Stiffness prediction by dynamic procedure
Specimen Condition Frequency (Hz)







No damage + no FRP
50% damage + no
FRP
50% damage +FRP











Knowing the original frequency and frequency shift from measured vibrations, as well as the added
mass, the in-service flexural stiffness of the structure was calculated. Generally speaking, for any
given added mass, the flexural stiffness can be predicted from Equation 3. However, as stated
before in terms of dynamic testing, a loaded structure (after adding mass) behaves dynamically
-loser to it does in service. In order to obtain more realistic and accurate results, the calculations in
{his paper were based on the frequency shift due to added masses 1 and 2. Table 2 shows the results
of the flexural stiffness prediction using the dynamic approach. Compared to the static test results,
despite the absolute values of the error, the trend of prediction is very close to the static results for
no damage, 50% damage and the FRP repaired cases. This shows that the proposed method is not
only capable of detecting possible damage and evaluating the effectiveness of repair work
qualitatively, it is also capable of quantitatively evaluating the flexural stiffness with certain
calibration. Knowing in-service stiffness can then lead to accurate load carrying capacity
estimation.
5. CONCLUSIONS
A simple and cost-effective method has been proposed to detect damage and estimate the stiffness
of RC beams strengthened with FRP composites. Compared to other methods which are currently
available, the proposed method is capable of detecting damage as well as evaluating the stiffness
without additional numerical modeling. The results show that with FRP present, inspecting the first
flexural mode ofFRFs can provide valuable insight into damaged and repaired RC beams. This will
lead to further studies on damage localization, e.g. using modal strain energy. The prediction of
flexural stiffness using dynamic methods is also promising as it shows close correlation to results
obtained from static tests.
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